ABSTRACT
INTRODUCTION
Mn is a fundamental trace element for the growth of plants and animals, yet excessive exposure may lead to serious damage to the enzymes of living entities (Nousiainen et al. ) . High acute exposure and long-term exposure to high concentrations of Mn have been associated with a variety of motor function deficits including dystonia, pyramidal signs and signs of parkinsonism (Roth ) , while workers with chronic low-level occupational exposure to Mn can also develop a motor syndrome with a clinical phenotype that substantially overlaps with that of Parkinson's disease (Racette et al. ) . International environment agencies have regulated limits for Mn ion concentration in water (Silva et al. ) . The Mn ion concentration set by USEPA regulations is lower than 0.05 mg/L in drinking water. Brazilian limits are held at 1 mg/L and 0.01 mg/L for wastewater and surface water, respectively. In China the maximum level is 5.0 mg/L for wastewater. A high concentration of Mn ions is often found in electrolytic manganese wastewater (Chen et al. ) , mining effluents (Laus et al. ) and electroplating industry effluents (Cavaco et al. ) , which present vital challenges for wastewater treatment in the industry. Various physical and chemical techniques have been applied to remove soluble Mn from wastewater, such as solvent extraction, hydroxide precipitation, carbonate precipitation, oxidative precipitation and adsorption (Zhang et al. ) . Adsorption methods of soluble Mn, with safe and simple technologies, have been reported by other researchers with adsorbents for application including natural Turkish zeolite (Motsi et al. ) , synthesis of zeolite (Li et al. ) , vermiculite (Malandrino et al. ) and Na-montmorillonite (Abollino et al. ) , etc. In view of those relatively expensive adsorbents, it is useful to search for new Mn ion adsorbents among commercially available materials such as the byproducts of various industries. Among the by-products of various industries, red mud, an alkaline waste material resulting from the alumina producing process, is accumulated at 66 million tons per year in the world due to the lack of appropriate treatment methods (Yadav et al. ) 
MATERIALS AND METHODS

Preparation and characterization of materials
Red mud, an alumina extraction residue of bauxites by the Bayer process, was obtained from an alumina factory residue storage facility in Anshun City, China. The red mud sample was ground by a mortar and pestle and sieved through a 100 mesh screen (<0.150 mm) after repeated washing with distilled water to remove soluble alkaline substances and drying to constant weight at 105 W C. The ground red mud was heated to constant weight at different annealing temperatures (from 105 to 900 W C) in a muffle furnace for 8 h. ARM samples were obtained after cooling to room temperature. Abbreviations of ARM at 105 W C, 500 W C, 700 W C, 800 W C and 900 W C are given as ARM105, ARM500, ARM700, ARM800 and ARM900, respectively. Chemical compositions of ARM105 were analyzed using an X-ray fluorescence spectrometer (XRF-1800, Shimadzu, Japan). Mineralogical components of different ARM samples were derived by using an X-ray diffractometer (XRD) (X'Pert PRO, The Netherlands) and a scanning electron microscope (SEM) (JSM-7800F, Japan). Points of zero charge (pH PZC ) for the ARM samples were determined by the batch equilibration method (Milonjić et al. ) . ARM samples of 0.1 g and 0.01 mol/L NaCl solutions of 40 mL with different initial pH (from 1 to 10) regulated by 0.1 mol/L HCl or 0.1 mol/L NaOH were mixed into suspensions and equilibrated for 24 h on a rotary reciprocating shaker prior to the determination of the final pH. The pH PZC values were determined from the plateau portions of the plots of the initial pH vs the final pH. (1) and (2), respectively:
Adsorption experiments
where C i (mg/L) and C t (mg/L) were the initial Mn 2þ concentration and the Mn 2þ concentration at t min, respectively, V (L) was the solution volume (0.04 L), and m (g) was the adsorbent mass (0.1 g).
The main factors to affect the adsorption of Mn 2þ were identified as annealing temperature (A), initial pH (B) and contact time (C) and initial Mn 2þ concentration (D) at room temperature. A Taguchi L 9 orthogonal array experiment design consisting of four factors having three levels each was employed to estimate influence ranks of these factors and is presented in Table 1 . In the Taguchi method, quality characteristics were categorized into larger-the-better, nominal-the-best and smaller-the-better types (Box ). As the goal of this study was to remove Mn 2þ from aqueous solution, the larger-the-better quality characteristic was selected.
The signal-to-noise (S/N) ratio shown by Equation (3) was determined using Minitab 17 software:
where n was the number of observations, and y i was the observed response. The effect of initial pH on the removal of Mn 2þ was evaluated with the solutions of initial concentration 385 mg/L at equilibration time 720 min. The initial pH was adjusted between 1.7 and 7.5 using 0.1 mol/L HCl or 0.1 mol/L NaOH. The effect of contact time was examined with the solutions of initial concentration 385 mg/L and initial pH 5. ARM samples were equilibrated with the solutions for the contact time range from 0 to 1,200 min. Kinetics relationships of Mn 2þ removal were evaluated with a pseudo-first-order model (Equation (4)) and pseudosecond-order model (Equation (5)) (Ho & McKay ) :
where q e (mg/g) and q t (mg/g) were the amounts of Mn 2þ adsorbed at equilibrium and at contact time t, respectively, t (min) was contact time, k 1 (min À1 ) was the equilibrium rate constant of the pseudo-first-order model, and k 2 (g mg À1 min
À1
) was the equilibrium rate constant of the pseudo-second-order model.
The effect of initial Mn 2þ concentration (ranging from 38.5 to 770 mg/L) was analyzed with the solutions of initial pH 5 at equilibration time 720 min. The Langmuir isotherm model (Equation (6)) and Freundlich isotherm model (Equation (7)) were selected to evaluate Mn 2þ adsorption performance (Limousin et al. ) :
where q e (mg/g) was the amount of Mn 2þ removed at equilibrium, q m (mg/g) was the maximum capacity of the adsorbent, k L (L/mg) was the Langmuir constant, C e (mg/g) was the equilibrium Mn 2þ concentration in solution, and k F and n were the Freundlich exponents.
Desorption experiments
Based on the optimal adsorption conditions, the loaded adsorbent for testing stability was obtained after Mn 2þ adsorption and dried at 105 W C for 8 h. Loaded adsorbent of 0.1 g was equilibrated for 720 min with distilled water of 40 mL adjusted to a different pH between 1 and 7. The desorption efficiency (η) of each experiment was calculated using Equation (8): (Figure 1(c) ).
The increase in temperature in the range 700-900 W C caused the decrease in the characteristic peaks of Na 5 Al 3 (SiO 4 ) 3 CO 3 , which disappeared at 900 W C, and the increase in the intensity of the characteristic peaks of NaAlSiO 4 , suggesting the reaction shown by Equation (11).
At 900 W C, the transformation of NaAlSiO 4 into a different polymorphic form was detected by Smiljanić et al. () . In addition, the gradual disappearance of the characteristic peaks of CaCO 3 , the weakened characteristic peaks of SiO 2 and the formation of Ca 2 Al 2 SiO 7 (gehlenite) were detected at the temperature change from 700 to 900 W C, which were caused by the chemical reactions shown by Equations (12) and (13). Fe 2 O 3 and CaTiO 3 were basically not affected by the heating process in the investigated temperature range.
Na 5 Al 3 (SiO 4 ) 3 CO 3 ! 3NaAlSiO 4 þ Na 2 CO 3 (11)
SEM (as shown in Figure 2 ) provided visual evidence of the effect of annealing temperature on red mud morphology. The increase in annealing temperature reduced the size of the red mud particles and resulted in the formation of micron-order particles, which could be related to the chemical reactions of minerals, as shown by Equations (9)-(13).
The pH PZC values, obtained after equilibrating ARM samples with the solutions of 0.01 mol/L NaCl with different initial pH, are presented in Figure 3 . The pH PZC value of 8.4 for ARM600, ARM700 and ARM800, the pH PZC value of 8.1 for ARM900 and ARM500, the pH PZC value of 7.8 for ARM400 and the pH PZC value of 7.6 for ARM105 were estimated. These indicated that the annealing temperature changed the pH PZC value of red mud. The higher pH PZC value for ARM600, ARM700 and ARM800 was attributed to the dehydroxylation of Na 
Mn 2þ adsorption behavior
Taguchi's experiment and analysis of the S/N ratio
The removal efficiency (ζ) and the adsorption amount (q t ) of Mn 2þ were selected as two responses in the Taguchi L 9 array and the experiment data were transformed into the S/N ratios. The results (as presented in Table 1) showed that the removal efficiency and the adsorption amount respectively varied from 4.1% to 99.99% and from 1.70 to 64.68 mg/g, depending on the combination of the controllable factors. The response table for the mean S/N ratios and the ranks of four factors for two responses is presented in Table 2 . It is evident that the initial Mn 2þ concentration and the annealing temperature were the most influential factors for the removal efficiency and the adsorption amount respectively, whereas the contact time was the least influential factor for the two responses. The influence ranks of factors for the removal efficiency and the adsorption amount were initial Mn 2þ concentration > annealing temperature > initial pH > contact time, and annealing adsorbed on the ARM surfaces and were released into the solutions. For ARM700, the pH was highest in contrast to other annealed samples due to phase transition and increased solubility, which improved Mn 2þ adsorption. Thus ARM700 was chosen as the adsorbent for Mn 2þ adsorption in the further study.
Effect of initial pH
The effect of the initial pH on Mn 2þ removal by ARM700 is presented in Figure 5 (a) using the solutions of initial concentration 385 mg/L with contact time 720 min. The increase removal efficiency of Mn 2þ from 23.2% to 53.6% was rather dependent on the initial pH in the range 1.7-4, where the obvious increase of the final pH from 3 to 7.9 was observed. The lower Mn 2þ removal efficiency was attributed to the dissolution of activated components of the adsorbent and H þ competing with Mn 2þ for adsorption sites (shown by Equation (14), where ≡S represents the surface of the activated components), which both caused the final pH increase of the solutions.
The final pH was basically constant (∼8) in the initial pH range 5-7.5, at which Mn 2þ removal efficiency was raised and stabilized at ∼56.5%. These observations were of practical significance, signifying that due to ARM700 buffering capacity there was an initial pH range where Mn 2þ removal was not a function of the initial pH. Thus the initial pH 5 was chosen in the further experiments. The final pH was lower than the pH PZC value of ARM700 (8.4) in the initial pH range 5-7.5, signifying that Mn 2þ was adsorbed on the ARM700 surfaces and that H þ was released into the solutions (as described by Equation (15)). Nevertheless, The final pH of ∼8, higher than 7, indicated the probable occurrence of partial Na 5 Al 3 (SiO 4 ) 3 CO 3 hydrolysis (as shown by Equation (16)). The plots of Mn-species distribution vs solution pH (shown in Figure 5 (b)) show that Mn 2þ was prevalent at pH < 8.5.
Kinetics analysis
The effect of contact time on the Mn 2þ removal efficiency of ARM700 was investigated using the solutions of initial pH 5 and initial concentration 385 mg/L (as shown in Figure 6 (a)). Mn 2þ removal efficiency increased rapidly in the first 480 min and was basically constant after 720 min, where the removal efficiency of 56.5% and the adsorption amount of 85.2 mg/g were achieved. Consequently, the contact time of 720 min was adequate for the further experiments. During the course of the reaction, the pH of the solutions was monitored (Figure 6(a) ). It can be observed that the pH increased sharply in the first 30 min, hardly changed at 30-120 min, and then rose gradually up. These observations were attributed to hydrolysis, dissolution, adsorption and diffusion taken place on the solid-liquid interfaces (Smiljanić et al. ) .
The final pH below 8.4 implied the significant contribution of the adsorption mechanism expressed by Equations (15) and (16). Experiment data for Mn 2þ removal by ARM700 were evaluated by the pseudo-first-order model (Equation (4)) and the pseudo-second-order model (Equation (5)) (as presented in Table 3 ) to investigate the kinetics mechanism of Mn 2þ removal. The fitting curves are shown in Figure 6 removal in the experiment data (85.2 mg/g) at equilibrium was slightly lower than the calculated q e value (87 mg/g).
Effect of initial Mn 2þ concentration
The effect of the initial Mn 2þ concentration on the removal efficiency of ARM700 is presented in Figure 7 (a) using the solutions of initial pH 5 with contact time 720 min. The Mn 2þ concentration in solution was below the detection limit at equilibrium at initial Mn 2þ concentration 38.5 mg/L.
The Mn 2þ removal efficiency decreased gradually to 28.4%
with the concentration increase to 770 mg/L. Higher initial Mn 2þ concentration led to lower equilibrium pH, meaning the release of more H þ from active surface sites (Smiljanić et al. ) .
The relationships between equilibrium Mn 2þ concentrations in the solutions and in the adsorbents were evaluated by Langmuir and Freundlich isotherms (Equations (6) and (7)) (as presented in Table 4 ). The fitting curves are presented in Figure 7 (b). According to the determination coefficient (R 2 ) from the two models, R 2 values of the Langmuir and the Freundlich were 0.945 and 0.820, respectively, signifying superior conformance of the Langmuir model to the experiment data than the Freundlich model. The calculated value of the Mn 2þ maximum adsorption capacity of ARM700 was 88.3 mg/g and the Langmuir constant (k L ) was 0.071 L/mg. The comparison of maximum adsorption capacities of Mn 2þ , as shown in Table 5 , indicates that ARM700 was a highly efficient adsorbent for Mn 2þ removal from aqueous solution.
Determination of the favorability degree of the Langmuir adsorption process was derived as the dimensionless equilibrium parameter r, which was calculated by Equation (17) with k L obtained from the Langmuir model: r > 1 (unfavorable), r ¼ 1 (linear), 0 < r < 1 (favorable), r ¼ 0 (irreversible) (Sahu et al. ) , where C 0 (mg/L) was the initial Mn 2þ concentration. The calculated r values were between 0.018 and 0.27 for ARM700, showing that the Mn 2þ adsorption process was favorable.
Effect of competing ions and application of ARM700 
Stability of Mn 2þ -loaded adsorbent
Desorption of the loaded sample was conducted as a function of pH range from 1 to 7 to examine the stability of the Mn 2þ -loaded adsorbent. The adsorbent was loaded under the conditions of initial Mn 2þ concentration 385 mg/L, initial pH 5 and contact time 720 min. The loaded adsorbent was dried at 105 W C for 8 h before testing stability. The desorption experiments were conducted using 0.1 g of loaded adsorbent and 40 mL of distilled water with different pH and the results are shown in Figure 9 . At initial pH 1.1, 79.8% of Mn 2þ was desorbed from the loaded ARM700. Less than 2% of Mn 2þ desorption appeared in the aqueous solution when the initial pH was These results showed that ARM700 was a highly efficient adsorbent for Mn 2þ removal from aqueous solution.
